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Abstract
Atmospheric transient eddies contribute significantly to mid-latitude energy and
water vapor transports. Changes in the global climate, as induced by greenhouse
enhancement, will likely alter transient eddy behavior. Unraveling all the feedbacks
that occur in general circulation models (GCM_s) can be difficult. Here we isolate the
transient eddies from the feedbacks and focus on the response of the eddies to zonal-
mean climate changes that result from CO-z-doubling. Using a primitive-equation
spectral model, we examine the impact of climate change on the life cycles of transient
eddies. We compare transient eddy behavior in experiments with initial conditions
that are given by the zonal-mean climates of GCM's with current and doubled
amounts of CO2.
The smaller meridional temperature gradient in a doubled CO 2 climate leads to a
reduction in eddy kinetic energy, especially in the subtropics. The decrease in
subtropical eddy energy is related to a substantial reduction in equatorward flux of
eddy activity during the latter part of the life cycle. The reduction in equatorward
energy flux alters the moisture cycle. Eddy meridional transport of water vapor is
shifted slightly poleward and subtropical precipitation is reduced. The water vapor
transport exhibits a relatively small change in magnitude, compared to changes in
eddy energy, due to the compensating effect of higher specific humidity in the
doubled-CO2 climate. An increase in high-latitude precipitation is related to the
poleward shift in eddy water vapor flux. Surface evaporation amplifies climatic
changes in water vapor transport and precipitation in our experiments.
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1 Introduction
Experiments with general circulation models (GCM's) indicate that increases
in atmospheric carbon dioxide and other greenhouse gases will cause an increase
in global surface temperature. Changes in the hydrologic cycle are also
anticipated. For example, GCM experiments generally show that an increase in
CO2 will lead to increased precipitation, especially in the extratropics (Schlesinger
and Mitchell 1987). Total water vapor content of the atmosphere also increases in
the GCM experiments. The amount and distribution of water in the atmosphere
plays a critical role in global climate, primarily through its effect on radiative
processes. The anticipated increase in water vapor content will contribute
significantly to the global warming process by enhancing the greenhouse effect
(Hansen et al. 1984). In addition, changes in the hydrologic cycle will influence
distributions of cloud, ice, and snow cover which affect the global radiative
budget.
Because water in its various forms is a key element of the climate system, it
is important to understand the processes that contribute to the hydrologic cycle
and how they might be affected by global warming. Atmospheric transient eddies
are an integral part of the global water balance. In the Northern Hemisphere
transient eddies are responsible for about two-thirds of the poleward water vapor
transport in mid-latitudes (Oort 1983). Their contribution to total transport is even
greater in the Southern Hemisphere. Furthermore, most of the wintertime
extratropical precipitation is associated with transient eddies. Water vapor
transportby transienteddiesis also an important component of the global energy
budget. Latent heat transport by transient eddies contributes about 30% of the
total heat transport in mid-latitudes in Northern Hemisphere winter and about 50%
in summer as derived from Oort's (1983) data. In the Southern Hemisphere the
contribution of latent heat flux by transient eddies is even more significant
(Michaud and Derome 1991).
The transient eddies responsible for these transports have horizontal scales of
1000-10,000 km and are generated primarily by the baroclinic instability of the
large-scale zonal flow. Changes in the large-scale flow, as induced by an increase
in CO2 and other greenhouse gases, will likely alter the behavior of transient
eddies and their sensible and latent heat transports. GCM's contain a myriad of
feedbacks that determine the total response of these models to CO2-doubling.
Unraveling the effects of all the feedbacks can be difficult. Our purpose here is to
isolate the behavior of atmospheric transient eddies from the feedbacks and focus
on the response of the eddies to overall changes in climate that result from CO2-
doubling. We use this approach to assess the contribution of transient eddies to
the climate change. Thus, our work can be viewed as an open-loop study of the
response of transient eddies to C02-induced climate change.
We accomplish our purpose by studying eddy life cycle simulations in a
primitive-equation spectral model. Life cycle simulations, using the current
climate's zonal average state for initial conditions, are highly informative about the
behavior of atmospheric eddies (Gall 1976; Simmons and Hoskins 1978;
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examinetheimpactof climatechangeoneddylife cyclesby usingthezonal-mean
climatesof GCM'swith currentanddoubledamountsof CO2asinitial conditions
for ourexperiments.Wecomparetheeddykineticenergy,watervaporflux, and
precipitationthataregenerateduringtheeddylife cyclesin thetwodifferent
climates.Wealsoevaluatethe influenceof surfaceevaporationoneddytransport
in thetwoclimates.Duetotheshort-termnatureof ourexperiments,changesin
eddyevolutionarecausedbychangesin thezonal-meanclimateonly andare
isolatedfromotherfeedbackspresentincompleteGCM simulations.
In thenextsectionwedescribethemodeland experimental design in more
detail. In the third section we give an overview of the effect of climate change on
wave evolution, eddy transports of sensible heat and water vapor, and
precipitation. We also discuss the effect of model resolution on wave behavior.
In the fourth section we distinguish the individual effects of CO2-induced changes
in temperature, humidity and surface evaporation on the eddy's water vapor
transport and precipitation. In the fifth section we compare our results with a
parameterization of water vapor flux proposed by Stone and Yao (1990). Some
conclusions are presented in the final section.
2 Model and experiments
Here we give a brief description of the model; a more detailed description is
contained in Branscome et al. (1989) and Gutowski et al. (1991a). The model is
aprimitiveequation,globalspectralmodel(GSM) adaptedfrom theNational
MeteorologicalCenter's(NMC's)GSM(Sela1980;Brenneretal. 1982).The
modelusesBourke's(1974)representationof thespectralprognosticequations,
which is thesameapproachusedin theNationalCenterfor AtmosphericResearch
CommunityClimateModel (NCAR CCM) describedbyPitcheret al. (1983)and
usedby NCAR for doubled-CO2experiments(WashingtonandMeehl1984).
Themodelhas10sigmalayersof equalthicknessto resolveverticalstructure.
Testcomputationsusing20 layersgavenegligiblydifferentresults.
Becauseourstudyis limitedto theeffectof changes in the zonal mean state
on transient eddy evolution, we use a simple configuration of the model. The
surface is zonally uniform and flat, so that no time-mean stationary eddies are
generated. Surface sensible heat flux, moisture flux, and momentum drag are
computed using bulk formulae with a surface drag coefficient of CD = 0.002. The
temperature of the lower boundary is fixed throughout the integration at the initial
temperature of the lowest atmospheric layer. The lower boundary is moist and,
therefore, acts like a sea surface. Significant sensible and latent heat fluxes occur
only after the eddy becomes strong enough to change the lowest-layer temperature
and moisture distributions.
Like GCM's the model contains two condensation mechanisms: large-scale,
stable precipitation and moist convection. The stable precipitation is the same as
that used in the original NMC GSM (Phillips 1979; Brenner et al. 1982). This
type of condensation occurs when a model layer becomes supersaturated, usually
bylarge-scaleuplift. Ourparameterizationfor convectionis animplementationof
Kuo's(1974)scheme,usingaclosureassumptionfor Kuo'sb parameter given
by Krishnamurti et al. (1976).
We perform all experiments with zonal wavenumber 7 and its two higher
harmonics, 14 and 21. Results from test computations indicate that retaining
these two harmonics is more than sufficient for resolving the life cycle of an eddy
whose fundamental scale is wavenumber 7 (Gutowski et al. 1991a). We expect
that wavenumber 7 and waves of similar synoptic scale are responsible for most
of the transient eddy flux of water vapor in the extratropics. Similar life cycle
simulations with wavenumber 4 generate eddy water vapor flux that is only one-
third as large as the flux in wavenumber 7 experiments (Gutowski et al. 1991a).
Furthermore, synoptic-scale waves dominate sensible heat flux and baroclinic
energy conversions by transient eddies (Blackmon and White 1982; Ulbrich and
Speth 1991). Thus, we consider wavenumber 7 and its higher harmonics to be
representative wavenumbers for the processes under investigation.
We initialize our model by adding a wave perturbation in the temperature field
to the zonal mean state. The temperature perturbation has an amplitude of 0.1" C
in the lowest layer and an exponential decrease with height intended to simulate
the structure of an unstable Charney mode. For each zonal wavenumber, the
model uses 15 meridional modes to resolve latitudinal structure. Because we run
the model with hemispheric symmetry, this amounts to a global truncation
equivalent to rhomboidal 30 for each zonal wavenumber. Note that the smallest
scalesin ourexperimentsaresomewhatshorterthan those resolved in many GCM
climate experiments.
We perform several short-term integrations with initial conditions given by
zonally averaged, time-mean states generated by GCM climate simulations.
Wintertime climatic conditions for present-day and doubled CO2 amounts are
taken from experiments with the Geophysical Fluid Dynamics Laboratory
(GFDL) GCM (Manabe and Wetherald 1987") and NCAR CCM (Washington and
Meehl 1984). By limiting our experiments to the short-term evolution of mid-
latitude eddies, the eddy contribution to the hydrologic cycle is isolated from other
feedbacks, allowing us to concentrateon how dynamical transports by transient
eddies respond to climate change. By changing the initial conditions, model
resolution, or boundary conditions in our experiments, we can assess the impact
of certain processes and modeling procedures on eddy evolution and water vapor
transport.
The upper half of Fig. 1 shows the zonally averaged, time-mean 950 hPa
temperature during Northern Hemisphere winter in ihe GFDL and NCAR GCM's
for the present-day CO2 amount (lxCO2). The difference in temperature between
the lxCO2 and doubled-CO2 (2xCO2) simulations is shown in the lower half of
Fig. 1. The increase near the pole is larger in the Gb"DL GCM than in the NCAR
model because changes in sea ice coverage are larger in the GFDL model
(Gutowski et al. 1991b). Note that the largest temperature increase due to CO2-
doubling occurs in high latitudes, thus reducing the equator-to-pole temperature
7difference.Becausethemeridionaltemperaturegradientinmid-latitudesis
smallerin the2xCO2experiments,lesspotentialenergyisavailablein thezonal
meanstatefor conversionto eddykineticenergythroughbaroclinicinstability.
Fig. 2(upperhalf) showstheverticallyandzonallyaveragedspecific
humidityfor northernwinterfrom theGFDL andNCAR lxCO2simulations.
Thelowerhalfof Fig. 2showsthechangeinspecifichumiditydueto CO2-
doubling. Relativehumidity is largelyunchangedin thetwo GCM'swhenthe
amountof COxis doubled.Thus,an increaseinspecifichumidity,Q, is
coincident with the global temperature increase. The effect is largest in the tropics
where the mean temperature is highest.
The temperature and humidity profiles in Figs. 1 and 2 constitute part of the
background mean states that are used to initialize our experiments. The vertical
structures of the temperature and humidity fields are also obtained from the GFDL
and NCAR GCM experiments. We obtain the initial states for the zonal wind
which balances the temperature fields by the method described in Branscome et al.
(1989). The balance calculation for the zonal wind ensures that no meridional
motion develops in the absence of wave activity and the initial state is a steady,
zonally symmetric solution of the model's equations.
3 Effect of climate change on eddy energetics and transports
Starting from the small initial perturbation in the temperature field of the
8fundamentalwavenumber,adisturbancegrowsat theexpenseof the available
potential energy in the initial zonal mean state and begins to modify the zonal
circulation. Once the wave disturbance or eddy depletes its baroclinic energy
source and dissipation acts on the wave, the eddy reaches a maximum amplitude.
Frictional dissipation and barotropic conversion of eddy kinetic energy (EKE) to
zonal mean kinetic energy eventually lead to a decrease in EKE. Thus, an eddy
"life cycle" can be defined. The eddy evolution is similar to the life cycles in a dry
atmosphere as investigated by simmons and Hoskins (1978) and Branscome et
al. (1989). Gutowski et al. (1991a) give a complete view of eddy life cycles and
transports in a moist atmosphere. : ::
The evolution of EKE in our experiments is shown in Fig. 3. Note that the
maximum EKE is smaller in the experiments that use initial states taken from the
2xCO2 GCM simulations. Similarly, the poleward flux of sensible heat by the
eddy (not shown) is about 25% smaller in our experiments with the 2xCO2
climates. These results are consistent with the findings of Manabe and Wetherald
(1975, 1980) in their GFDL GCM climate experiments. Amplitudes attained by
transient eddies depend on the amount of available potential energy in the zonal
mean state (Schneider 1981). Less potential energy is available to the growing
disturbance in the 2xCO2 experiments, so the maximum energy reached by the
disturbance is smaller than in the lxCO2 experiments.
During the early stage of eddy growth (the first 14 days of the integrations in
Fig. 3), the eddies in the lxCO2 and 2xCO2 experiments have a similar structure
with a maximumin EKE at 45* N. As indicated in Fig. 3, the eddy in the lxCO2
experiment grows more rapidly because of the larger meridional temperature
gradient in the lxCO2 climate. As the eddies mature, eddy activity is transported
from mid-latitudes into the subtropics by an Eliassen-Palm (EP) flux. An
example of this behavior is also found in Edmon et al. (1980). The direction of
the EP flux is indicative of the direction of wave energy propagation (Edmon et al.
1980).
The equatorward EP flux increases eddy activity in the subtropics, which is
reflected in an amplification of subtropical eddy energy during the latter stage of
eddy growth (days 16-20 of the integrations in Fig. 3). In the 2xCO2
experiments the eddy converts less potential energy from the zonal mean state in
mid-latitudes and exports less eddy activity to the subtropics than the eddy in the
lxCO2 experiments. When the eddy reaches its maximum amplitude, the
subtropical EKE in the 2xCO2 climate is substantially smaller than the subtropical
EKE in the lxCO2 case. The subsequent change in the latitudinal distribution of
EKE is shown in Fig. 4 for the experiments using the NCAR CCM climates as
initial conditions. Similar behavior was found in our experiments with the GFDL
climates. Thus, the climatic change in the latitudinal distribution of EKE is not the
result of a change in the unstable linear wave structure, but the result of a change
in the nonlinear evolution of the eddy.
The meridional flux of specific humidity (water vapor) by the eddy is shown
in Fig. 5. The flux is zonally and vertically averaged, and averaged again over the
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lifetimeof thedisturbance.Theobservedtransienteddyflux from Northern
Hemisphere winter (Oort 1983) is also shown and generally agrees with the
simulated flux. This agreement is consistent with our assumption that transient
eddies with the horizontal scales similar to the wavenumbers used in our
experiments are responsible for most of the poleward transport by extratropical
eddies.
Even though eddy kinetic energy (Figs. 3 and 4) and eddy flux of sensible
heat are considerably smaller in the 2xCO2 expedmenis, the magnitude of eddy
water vapor flux does not decrease when CO2 is doubled. As suggested by
Manabe and Wetherald (1975), a reduction in eddy meridional velocity, evidenced
by the decrease in EKE, is offset by the global increase in water vapor in the
doubled CO2 climate. Nevertheless, the latitudinal distribution of the flux is
altered by the climate change. With an increase of flux in high latitudes and a
decrease in the subtropics, the eddy flux of water vapor shifts poleward when
CO2 is doubled. The poleward shift is primarily related to the change in the
latitudinal distribution of EKE and the general increase in water vapor in the
2xCO2 climate. Poleward of 50" N the eddy velocity variance is unchanged
between the lxCO2 and 2xCO2 climates (Fig. 4). Coupled with the global
increase in specific humidity in the 2xCO2 climate, the water vapor flux increases
in middle and high latitudes. At lower latitudes the flux decreases because the
increase in specific humidity does not entirely compensate for the substantial
reduction in eddy velocity variance in the subtropics. We examine these
competing effects in more detail in the next section.
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Theeddygeneratesameanmeridionalcirculation(MMC) duringits life
cycle. Thestrengthof theeddy-inducedMMC dependslargelyon thepoleward
eddyflux of momentumin thesubtropics.Thewatervaportransportby the
MMC ispolewardfrom 25° to 60°N and equatorward in the tropics. Thus, the
direction of the MMC transport in our experiments is same as the Ferrel and
Hadley cell transports in the atmosphere. The magnitude of the water vapor
transport by the Ferrel cell decreases when CO2 is doubled in our experiments,
reflecting the substantial reduction in subtropical eddy momentum flux. The
reduction in the strength of the Ferrel cell circulation outweighs the increase in
specific humidity in determining the change in the water vapor transport by the
cell. Fig. 5 shows only the eddy flux of water vapor. If we include the MMC
transport (Fig.6), we find that the changes in total water vapor transport are not as
large as the changes seen in the eddy flux (Fig. 5). Thus, the mid-latitude MMC
water vapor transport induced by the eddy provides a modest negative feedback to
the eddy transport.
The amount of precipitation due to large-scale, non-convective condensation
during the eddy lifetime is shown in Fig. 7. Consistent with the poleward shift in
eddy moisture flux and reduction in subtropical eddy energy, large-scale
precipitation shifts poleward when CO2 is doubled. The reduction in large-scale
precipitation equatorward of 40" N is due to a decrease in eddy vertical motion and
subsequent reduction in mid-tropospheric condensation. Furthermore,
condensation in the lower troposphere, which is related to surface heat and
moisture exchange, is also reduced. The change in low-level precipitation is
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examinedinmoredetail in thenextsection.In high latitudestheincreasein
precipitationisrelatedto theincreasein large-scalemoistureflux convergence
(Fig. 5).
Convective precipitation induced by the eddies in our experiments is smaller
than the large-scale precipitation and limited to the subtropics and tropics. Fig. 8
shows the convective precipitation ir, duced by the eddy in our experiments using
the NCAR climate states. A significant reduction occurs when the CO2 is
doubled, reflecting the decrease in eddy kinetic energy and low-level moisture
convergence in the subtropics and tropics. In our experiments with GFDL
climates the convective precipitation is generally smaller than in the NCAR cases
and the reduction due to CO2 doubling is not quite as large as the decrease seen in
Fig. 8. Because tropical rainfall is not generally associated with the deVelopment
of baroclinic waves in mid-latitudes, our experiments do not adequately model all
tropical precipitation. However, the experiments suggest a reduction in
convective precipitation associated with mid-latitude eddies.
The partitioning of precipitation into convecti_.,e and large-scale C6mponehts
in our life cycle experiments may not be the same as in the complete GCM c]iinate
simulations. Furthermore, the partitioning of precipitation in GCM's may be very
sensitive to the choice of convective parameterizationl although the total
precipitation may not change significantly (Stone and Yao 1991). We performed
a few experiments with a different convective scheme (a modified Arakawa-
Schubert parameterization described by Grell et ai. 1991) and found no substantial
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differencesfrom our standard experiments with the Kuo scheme. Considering the
uncertainty about the partitioning of precipitation, the climate change in total
precipitation is perhaps more important to examine in our experiments. If we
consider the total precipitation as represented by the sum of Figs. 7 and 8, we
note a clear reduction in the subtropics and an increase in high latitudes. The
change in total precipitation in our experiments generally agrees with the
redistribution of zonal-mean wintertime precipitation found in GCM simulations
of CO2-induced climate change (Schlesinger and Mitchell 1987; Manabe and
Wetherald 1985).
We also examined the impact of model resolution on the latitudinal changes in
water vapor transport and precipitation. Specifically, we reduced the resolution in
two experiments by retaining half as many meridional modes so that the
meridional resolution is similar to the resolution used in many GCM climate
simulations. Water vapor transport and precipitation from two experiments using
the GFDL climates are shown in Fig. 9. Note that the water vapor flux shows a
noticeable increase when CO2 is doubled, unlike the results of the more highly
resolved experiments (Fig. 5). Changes in precipitation are small and do not
resolve the poleward shift seen in Fig. 7. The results show that the simulation of
the eddy-induced hydrologic cycle and its response to CO2 doubling may be quite
sensitive to model resolution.
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4 Impact of changes in temperature, humidity and surface
evaporation on eddy behavior
In a few special experiments we compare the importance of the increase of
specific humidity and the decrease of meridional temperature gradient on water
vapor transport and precipitation. The initial conditions are taken from the GFDL
GCM only. In one of these experiments ("AT Only") the initial state consists of
the temperature from the 2xCO2 climate and the specific humidity of the lxCO2
climate. Warm surface temperatures in the 2xCO2 climate, coupled with low
specific humidity in the lowest layer of the 1xCO2 climate, would cause a large
flux of water vapor into the model's lowest layer during the first day of
integration in the "AT Only" case. Therefore, we prevent surface evaporation in
the "AT Only" experiment. For purposes of comparison, surface evaporation is
also excluded from two experiments, lxCO2-NE and 2xCO2-NE, that use the
complete lxCO2 and 2xCO2 climates as initial conditions, respectively. Thus,
water vapor transport and precipitation are influenced only by changes in the
initial states of atmospheric temperature and humidity.
Fig. 10 shows water vapor flux and large-scale precipitation in the three
experiments described above. Comparing the water vapor flux in the "AT Only"
case with the lxCO2-NE experiment (the initial conditions in "AT Only" and
lxCO2-NE differ in temperature only), we see that the water vapor flux is smaller
in the subtropics and unchanged in high latitudes in the "AT Only" case. These
rcsults are consistent with our earlier concittsion that the climate change in
£
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meridional temperature gradient leads to a reduction in the subtropical EKE
which, in turn, causes a decrease in eddy water vapor transport. When the CO2-
induced increase in specific humidity is included in the initial state (the 2xCO2-NE
case), the water vapor transport increases in magnitude compared to the "AT
Only" case. Thus, the increase in mean-state specific humidity compensates for
the reduction in flux caused by the decrease in meridional temperature gradient.
As discussed earlier, the net effect of climate changes in temperature and humidity
is a slight poleward shift in the eddy flux of water vapor.
Compared to the lxCO2-NE case, precipitation in the "AT Only" case is
much smaller and shifted poleward. Associated with the reduced eddy energy in
the "AT Only" case is a reduction in eddy vertical motion, causing less large-scale
uplift and, hence, less precipitation. In addition, the initial relative humidity in the
"AT Only" case is smaller than in the lxCO2-NE experiment, simply because the
initial specific humidity is the same in the two cases, but the global temperature is
higher in the "AT Only" experiment. Therefore, the supersaturation required for
large-scale precipitation is not as readily achieved by the eddy in the "AT Only"
experiment as in the lxCO2-NE case. By including the CO2-induced change in
specific humidity, precipitation in the 2xCO2-NE case increases substantially
compared to the "AT Only" case. An increase in specific humidity can enhance
condensational heating which may cause stronger vertical motions and more
precipitation in baroclinic eddies (Gutowski et al. t991a). However, we found
that eddy vertical motions are not significantly different in the "AT Only" and
2xCO2-NE experiments. Therefore, the increase in precipitation from the "AT
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Only"case to the2xCO2-NEexperimentis primarily due to the enhancement of
water vapor content, rather than an amplification of vertical motions by latent heat
release.
When surface evaporation is excluded from our experiments, precipitation
amounts are cut in half (cf. top of Fig. 7 and bottom of Fig. 10, noting the
different scales for precipitation). As a result, precipitation changes between the
lxCO2-NE and 2xCO2-NE experiments in Fig. 10 are smaller than the changes in
experiments with surface evaporation (Fig. 7). Thus, part of the change in
precipitation induced by CO2 doubling is linked to the interaction of the eddy and
surface evaporation. Most of the eddy-induced surface evaporation occurs in the
subtropics. When low-level moist air from the subtropics is advected poleward
by the eddy, it becomes supersaturated as it passes over the cold lower boundary
of mid-latitudes. Because eddy energy in the subtropics is significantly reduced
in the 2xCO2 climate, the combined process of eddy-induced surface evaporation,
poleward advection of moist air, and low-level supersaturation is diminished.
5 Comparison with a parameter|zation of water vapor flux
Climate models which are simpler, but computationally more efficient than
GCM's, usually do not include the global hydrologic cycle. Stone and Yao
(1990) have proposed a parameterization of transient eddy water vapor transport,
which can be used in one-dimensional (latitude only) and two-dimensional
(latitude vs. height) climate models. Their parameterization is based on baroclinic
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instabilitytheory,combinedwithscalingargumentsfor waveamplitudesand
assumptionsaboutmoisturedistribution. In StoneandYao'sparameterizationthe
meridionalandverticalflux of watervaporflux dependsonzonallyaveraged
temperatureandhumidityfields. Derivedfrom formulationsby Leovy(1973)and
Branscome(1983),it is perhapstheonly theoretically-basedparameterizationof
watervaportransportby large-scaleddies.StoneandYao (1990)usedthe
parameterizationi a two-dimensionalclimatemodelandfoundgoodagreement
betweentheparameterizedflux andexplicitlycalculatedtransportin athree-
dimensionalversionof theirmodel.
One-andtwo-dimensionalclimatemodelscanprovidevaluable initial
assessments of climate sensitivity. For this reason, we compare the sensitivity of
moisture transport in our experiments with Stone and Yao's parameterized flux,
using the zonal mean climate of the GFDL GCM as input for their
parameterization. Results using the NCAR climate as input for the
parameterization are very similar. Fig. 11 shows the vertically averaged
meridional flux as a function of latitude from the parameterization and our
experiments. Fig. 12 shows the vertical profile of meridional flux at 30 ° N along
with the observed eddy flux. The parameterization's response to CO2-induced
changes in the zonal mean state is small, reflecting the compensating effects of a
reduced temperature gradient and an increased water vapor content. Similar
compensation occurs in our numerical experiments.
The parameterization generally overestimates the meridional flux in the
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subtropicsandlower tropospherecomparedto theeddyflux from observations
andourexperiments.Thestructureof theGFDL andNCARclimatestendsto
exaggeratethelatitudinalconfinementof theparameterizedflux. TheGFDL and
NCARclimateshavemeridionaltemperaturegradientsthatarestrongerin the
subtropicsandweakerin higherlatitudesthantheobservedtemperaturegradient.
Thewatervaporflux parameterizationisbasedonasensibleheatflux
parameterization(Branscome1983)thatisstronglydependentonmeridional
temperaturegradient.Smallchangesin temperaturegradientleadto relatively
largechangesin theparameterizedflux. Thus,theparameterizedflux, usingthe
GFDL orNCAR climateasinput,isconfinedtotheregionwith a large
temperaturegradient,i.e.,thesubtropics.
Changesin wavestructuredueto nonlineardynamicsarealsoresponsiblefor
thedisprecancybetweenthemeridionalextentof thewatervaporflux inour
modelandtheparameterization.If weexamineourmodel'sflux duringthefirst
half of thegrowthstage,we find thattheflux issharplypeakednear30° N in
agreementwith the latitudinaldistributionof theparameterizationinFig. 11.
Oncetheeddyreducesthemoisturein thesubtropicsandincreasesit in high
latitudes,we find thatthemoistureflux maximumin themodelmovespoieward
andtheflux ismoreevenlydistributedacrossmid-latitudes.Thus,the
considerablechangein thelatitudinaldistributionof theflux thatoccursasthe
eddyandzonalmeanstateevolvemaynotbeadequatelyrepresentedin the
parameterization.
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Thediscrepancyin theverticalstructureof the flux (Fig. 12) is likely due to
boundary layer processes. The parameterization has a simple representation of the
boundary layer which diminishes the meridional flux near the lower boundary.
The vertical scale of the boundary layer is chosen by Stone and Yao (1990) as
450m in the parameterization. If that scale is doubled, then the flux in the lower
troposphere has a structure more like the flux in our integrations. In an
experiment without surface friction, the meridional flux in our model is largest in
the lowest layer and has the sharp exponential decay seen in the parameterized
flux of Fig. 12. Because the water vapor flux is confined to the lower
troposphere, any parameterization of the flux must account for boundary layer
effects and may be sensitive to details of the boundary layer parameterization.
6 Conclusions
We have examined the impact of CO2-induced climate change on the
evolution of mid-latitude baroclinic waves and associated water vapor transport
and precipitation. Transient eddy behavior has been analyzed in a series of short-
term numerical experiments that isolate the effects of climatic change of the zonal
mean state from other feedbacks. Our integrations were initialized with the zonal-
mean climate states for current and doubled CO2 produced by the GFDL and
NCAR general circulation models. Interpretation of extended GCM climate
simulations can be assisted by this type of experimentation. In several instances
the response in the GCM climate simulations can be explained on the basis on
changes in the short-term evolution of transient eddies.
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Thesmallermeridionaltemperaturegradientin the doubled CO2 climate leads
to a reduction in eddy kinetic energy and sensible heat transport. Most of the
reduction in eddy kinetic energy occurs in the the subtropics and is related to a
substantial reduction in the equatorward propagation of eddy activity during the
late stages of eddy development. Eddy kinetic energy and precipitation are shifted
poleward as a consequence. Meridional transport of water vapor also shifts
slightly poleward, but exhibits a comparatively small change in magnitude due to
the compensating effect of higher specific humidity in the altered climatic state.
The mean meridional circulation generated by the eddy also provides a negative
feedback, so that the change in the total dynamical transport of water vapor is
quite small. Precipitation in the lower mid-latitudes and subtropics decreases
significantly, in both convection and large-scale supersaturation, even though
relative humidity changes little so that specific humidity is higher in the doubled-
CO2 climate. The reduction in precipitation is related to the substantial reduction
of eddy energy at those latitudes.
Because climate changes in the eddy transport of water vapor and eddy-
generated precipitation are subtle, they are sensitive to model resolution. Our
results suggest that a minimally acceptable truncation for a spectral model is
rhomboidal 30. Adequate modeling of moisture flux from the surface is also
essential in representing the modification of extratropical precipitation due to CO2
doubling. Our results show that surface evaporation amplifies climatic changes in
precipitation associated with mid-latitude waves.
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ClimatemodelswhicharelesscomplexthanGCMsmayrequiresomesimple
representationof thehydrologicalcycle. However,very little work hasbeendone
onparameterizingeddymoisturetransports.Our resultssuggesthatasuccessful
parameterizationmustincludetheeffectsof nonlinearmodificationof theeddy
andits environmentandthefrictionaleffectsatthelowerboundary.
Parameterizationscanbeevaluated,inpart,by comparisonwith life-cycle
experiments.
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Figure Legends
Fig. °
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
Zonal mean 950 hPa temperatures (top) from GFDL GCM and NCAR CCM
climate simulations for Northern Hemisphere winter with present-day
amount of CO2 (lxCO2). The bottom figure shows the difference between
the temperatures in the climate simulations with doubled (2xCO2) and
present-day CO2.
As in Fig. 1, but for vertical and zonal mean specific humidity.
Time series of eddy kinetic energy, expressed as hemispheric mean velocity
variance, from experiments using the GFDL GCM (top) and NCAR CCM
(bottom) zonal mean climates as initial conditions.
Latitudinal distribution of eddy kinetic energy, expressed as hemispheric
mean velocity variance, from experiments using the NCAR CCM climates
as initial conditions. Data is taken from day 20 of the integrations (shown at
bottom of Fig. 3), which is the day of maximum eddy kinetic energy.
Vertical and zonal mean eddy flux of specific humidity from experiments
using the GFDL (top) and NCAR (bottom) climates as initial conditions.
Flux is averaged in time over eddy life cycle. Observed transient eddy flux
for Northern Hemisphere winter (Oort 1983) is also shown (top).
Vertical and zonal mean total specific humidity flux by the eddy and mean
meridional circulation in experiments using the GFDL (top) and NCAR
(bottom) climates as initial conditions. Flux is averaged in time over eddy
life cycle.
Zonal mean precipitation due to large-scale condensation, occurring over
Fig. 8.
Fig. 9.
Fig. 10.
Fig. 11.
Fig. 12.
eddylife cyclesinexperimentsusingGFDL (top)andNCAR (bottom)
climatesasinitial conditions.
Zonalmeanprecipitationdueto moistconvection,occurringovereddylife
cyclesin experimentsusingNCAR climatesasinitial conditions.
Verticalandzonalmeaneddyflux of specifichumidity(top)andlarge-scale
precipitation(bottom)usingGFDLclimatesasinitial conditionsin
experimentswith meridionalresolutionequivalento rhomboidal15
truncation.Flux isaveragedovereddylife cycle,precipitationis total
amountoverlife cycle.
Verticalandzonalmeaneddy flux of specific humidity (top) and large-scale
precipitation (bottom) using GFDL climates as initial conditions in
experiments with standard meridionai resolution and no surface evaporation.
AT Only experiment uses temperature from 2xCO2 climate and specific
humidity from lxCO2 climate as initial state. Flux is averaged over eddy life
cycle, precipitation is total amount over life cycle.
Vertical, zonal and time mean eddy flux of specific humidity from
experiments using GFDL climates as initial conditions, compared with flux
calculated from parameterization of Stone and Yao (1990) using GFDL
climates as input.
Vertical profile of zonal and time mean eddy flux of specific humidity at
30°N from experiment using lxCO2 GFDL climate as initial condition,
parameterization using lxCO2 and 2xCO2 GFDL climates as input, and
observations of Oort (1983).
300
lxCO 2
28O
T (K)
260
240
GFDL
_ICAR
220 I I I I t I t
90 60 30 0
LATITUDE
12'
8
AT (K)
4
0
•,-'_. 2xCO 2 - lxCO 2
GFDL
I I i t I l I l
90 60 30 0
LATITUDE_
54
Q
(g kg -1 ) 3
2
1
lxCO 2
090 60 30 0
LATITUDE
1.0 t 2xCO 2 - lxCO 2 GFDL /0.8
AQ 0.6
(gkg-')
0,4
0.2
0.090 !60 30 0
LATITUDE
9..
Velocity
Variance
(rn2s21
Velocity
Variance
2 -2(ms)
70
40
0
0
7°I
40
0
0
I i I I I I I i I i I e I i
GFDL
I I I I
xCO 2
m
• _i i
20 40
DAYS
i I i I I I i I i I i I i I i I I i i
NCAR
lxCO
2
2xCO
20
DAYS
40
2,
200
Velocity
Variance
2 -2
(ms)
100
I I I
NCAR
lxCO 2
I I I
2xCO
\
0
90 60 30
LATITUDE
0
V'Q'
(m s-1g kg-1)
1
2
0
GFDL
X
2xCO2
X X
X X
90 60 30
LATITUDE
X-Observ.
X
0
V'Q'
(m s-1g kg -1)
1
2
0
90
i I i i i i i i I ! I | i i ! i i
NCAR
lxCO
I g , I
60 30
. LATITUDE
0
Total Flux
-1 -1(ms gkg )
2
GFDL
1
0
2xCO,
90 60 30 0
LATITUDE
Total Flux
-1 -1(ms gkg )
2
0
I ! -I I
NCAR
I i I I i ! I i I e ! ! t
! i I I I | I I • I I | I I I ! |
90 60 30
LATITUDE
0
2.70 I I I I I | I I I I I i I I I I I
GFDL
Precip.
(cm)
1.35
lxCO 2
2xC(
0
90 60 30 0
LATITUDE
2.70
Precip.
I I I I I I I' I I I I I I I I I I
NCAR
1.35 xC
0
90 60 30 0
LATITUDE
7
2.70
Convec.
Precip.
(cm)
1.35
I I I I I i I I I I I i I I I I I
NCAR
90 60
lxCO 2
30
LATITUDE
0
(m
V'Q'
-I
s g kg 1)
2
0
90
GFDL-R15
2xCO 2
60
LATITUDE
30 0
2.70
GFDL-R15
Precip.
(cm)
1.35
2xCO 2
xCO 2
0
9O 60
LATITUDE
3O 0
2VIQ I
(m sl g kgl )
1
0
i I I I I I | i I I i I i I I ! I i
GFDL-No evap.
lxCO_
u
90 60 30 0
LATITUDE
Precip.
(cm)
1.35
GFDL-No evap.
2
0.675
Only
xCO 2
0
90 60 30 0
LATITUDE
/O
3V'Q' 2
-1(m s g kg "l)
@ Parm. lxCO2
[] Parm. 2xCO 2
-- Expt. l xCO 2
-- Expt. 2xCO 2
0
90 60
LATITUDE
3O 0
//
Pressure
(10 4 Pa)
0
2
4
6
8
• Parm. lxC02
[] Parm. 2xCO 2
X Observs.
1xCO 2 expt.
30N
r
I 0 .-_ i_I| i i i ! | I i • • • ,A
0 5 10 15
-1
V'Q' (m s gkg "1)


